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ADAM17 is a survival factor for microglial cells in vitro 
and in vivo after spinal cord injury in mice 

PM Vidal 1 , E Lemmens 1 , A Avila 2,3,4 , T Vangansewinkel 1 , A Chalaris 5 , S Rose-John 5 and S Hendrix*' 1 

A disintegrin and metalloprotease 17 (ADAM17) is a sheddase with important substrates including tumor necrosis factor-a 
(TNF-a) and its receptors, the p75 neurotrophin receptor (p75NTR), and members of the epidermal growth factor family. 
The rationale of this study was to inhibit ADAM1 7-induced shedding of soluble TNF-a in order to reduce detrimental inflammation 
after spinal cord injury (SCI). However, using the specific ADAM17 blocker BMS-561392 in neuronal and glial cell cultures, we 
show that proper functioning of ADAM17 is vital for oligodendrocyte and microglia survival in a p44 MAPK-dependent manner. 
In contrast, genetic ablation of ADAM17 specifically increases microglial death. Surprisingly, although blocking ADAM17 in vivo 
does not substantially change the ratio between membrane-bound and soluble TNF-a, it increases expression of the 
pro-apoptotic marker Bax and microglial apoptosis while impairing functional recovery after SCI. These data suggest that 
ADAM17 is a key survival factor for microglial cells after SCI. 
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Tumor necrosis factor-a (TNF-a) converting enzyme (TACE), 
also known as ADAM17, 1 is a sheddase involved in multiple 
cell signaling pathways. 2 Its first discovered biological 
function was the shedding of the membrane-bound form of 
TNF-a (mTNF-a) 1 and has since had many other factors 
reported as substrates. 3 It is also required for the processing 
of both TNF-a receptors (TNFRs), 4 p75 neurotrophin receptor 
(p75NTR), 5 and ligands of the epidermal growth factor 
receptor (EGFR) family. 6,7 First indications for a functional 
role of ADAM 17 in neurodegenerative diseases have been 
found in ischemia 8 and Alzheimer's disease. 9 However, its 
role in traumatic injuries of the central nervous system (CNS) 
is unclear. 

CNS trauma, either in the form of brain injury or spinal cord 
injury (SCI), is characterized by an excessive post-traumatic 
inflammatory response leading to secondary injury processes 
and limited functional recovery. The composition and magni- 
tude of these inflammatory processes vary among the 
different organs (the brain and spinal cord) as well as among 
the different phases after SCI. 10 Several studies have 
demonstrated an upregulation of pro-inflammatory cytokines, 
including TNF-a within hours after injury. 11 This increase in 
TNF-a levels has been linked to apoptosis, enhanced vascular 
permeability, and impaired glutamate metabolism and 



clearance. 12 TNF-o: is produced as a type II transmembrane 
protein (pro-TNF-a or mTNF-a) arranged in stable homo- 
trimers. The soluble form of TNF-o: (sTNF-o:) is released after 
proteolytic cleavage of the membrane-bound form by 
ADAM17. 1 The mTNF-a form decreases inflammation, 
whereas sTNF-a promotes strong inflammatory responses 
during infection. 13 Recently, it was shown that mice lacking 
ADAM17 on lymphocytes are protected from sterile and 
bacterial sepsis due to loss of TNF-a shedding. 14,15 There- 
fore, ADAM17 blockers have been used in rheumatoid 
arthritis and multiple sclerosis models to reduce the produc- 
tion of sTNF-a in order to decrease inflammation. 13 Some 
ADAM17 inhibitors have reached phase II of clinical trials for 
the treatment of breast cancer, but until now there is little 
information available about the functional role of ADAM1 7 and 
its inhibitors during CNS injury. 

In the present study, we have investigated the role of ADAM1 7 
using the specific ADAM 17 blocker BMS-561392 in cultures 
of neuronal and glial cells in vitro as well as in a mouse model of 
T-cut hemisection SCI in vivo. We show that ADAM 1 7-induced 
signaling is vital for the survival of cultured immature and mature 
oligodendrocytes, microglia, and astrocytes. Furthermore, 
blocking ADAM1 7 impairs functional recovery, increasing lesion 
size, astrogliosis, and microglial apoptosis after SCI. 
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Results 

ADAM17 inhibition increases apoptosis of microglia and 
oligodendrocytes in vitro. To understand the cellular 
effects of ADAM17 inhibition, we used the main types of 
cells present in the CNS: oligodendrocytes, neurons, astro- 
cytes, and microglia. First, we evaluated effects of ADAM17 
modulation on cell survival during 48 h in two different cell 
lines of immature (Figures 1a-d) and mature oligodendro- 
cytes (Figures 1e and f). Enzymatically active recombinant 
soluble ADAM17 (rADAM17) did not influence survival. In 
contrast, both immature and mature oligodendrocytes were 
strongly affected by the ADAM17 specific inhibitor BMS- 
561392. Undifferentiated oligodendrocytes were more 
susceptible to ADAM17 inhibition (Figures 1b and d), showing 
a concentration-dependent reduction in survival ranging from 
10% with low concentration (0.3 mM), 45% with medium 
concentration (1.3mM), and up to 89.5-93.5% with the 
highest concentration of the inhibitor (2.7 mM). A similar 
effect was found using 100/dvl of the non-specific inhibitor 
TAPI-1, where viability was decreased about 10-20%; no 
significant changes were observed with 10 /(M TAPI-1 
(Figures 1b and d). However, mature oligodendrocytes were 
significantly affected only by the highest concentration of the 
ADAM 17 inhibitor (2.7 mM) and TAPI-1 (100^M), leading to 
a reduction of 80 or 25%, respectively, of oligodendrocyte 
survival (Figure 1f). Furthermore, we analyzed the effects of 
BMS-561392, TAPI-1, and rADAM17 treatment on primary 
cortical neurons in the presence (Figures 2a and b) or 
absence (Supplementary Figure S1) of B-27. Whereas a low 
concentration of rADAM17 (1 ^M) promotes cell survival in 
the presence of B-27, a high concentration of rADAM17 
(10/(M) decreases cell survival (Figure 2a). Deprivation of 
B-27 induced a reduction in cell survival of 30-35%, but 
rADAM17 did not have any effect on neuronal survival under 
these conditions (Supplementary Figure S1A). Similarly, 
inhibition of ADAM 17 with different concentrations of BMS- 
561392 did not influence neuronal survival, neither in the 
presence (Figure 2b) nor in the absence (Supplementary 
Figure S1B) of B-27. TAPI-1 had a concentration-dependent 
effect on survival, inducing an increase (10 /(M) or decrease 
(100/iM) in the presence or absence of B-27 (Figure 2b; 
Supplementary Figure S1B). Surprisingly, in astrocytes, both 
rADAM17 (10 /<M) and BMS-561392 (2.7 mM) increased 
viability, while TAPI-1 significantly reduced viability (Figures 
2c and d). Finally, in cultured BV-2 cells (i.e., henceforth 
'microglial cells'), inhibition of ADAM17 using the medium 
(1.3mM) and high concentration (2.7 mM) of BMS-561392 
decreased viability by 50 and 94%, respectively (Figure 2f), 
whereas the low concentration (0.3 mM) slightly increased 
viability compared with the control condition. TAPI-1 did not 
influence microglial survival (Figure 2f), whereas rADAM17 
promoted survival in a dose-dependent manner (Figure 2e). 
In addition, treatment with a medium or high concentration 
(1.3 and 2.7 mM) of BMS-561392 significantly increased the 
number of activated caspase-3-positive microglial cells 
(Supplementary Figure S2A), while no significant changes 
were observed in astrocytes (Supplementary Figure S2B) 
and cultures of immature oligodendrocytes (Supplementary 
Figures S2C and D). However, blocking of ADAM 17 with the 



high concentration (2.7 mM) of BMS-561392 induced a 
twofold increase in the number of activated caspase-3- 
positive mature oligodendrocytes (Supplementary Figure 
S2E). 

ADAM17 inhibition increases membrane TNFFt-1 and 
pro-NGF expression in microglia. As a next step, we 
investigated the signaling pathways potentially affected by 
ADAM17 inhibition that are involved in microglia and 
oligodendrocyte apoptosis. These include (1) TNF-a signal- 
ing via TNFR-1 and TNFR-2, (2) unprocessed nerve growth 
factor precursor (pro-NGF), which induces apoptosis by 
binding to p75NTR, and (3) EGF receptor (EGFR) signaling 
via MAPK activation/inhibition. 16-18 First, we analyzed the 
expression of TNFR-1 and TNFR-2 in the membrane of 
microglia and oligodendrocytes. The membrane expression 
of TNFR-1 and TNFR-2 was not significantly changed by 
BMS-561392 for oligodendrocytes (Figures 3a and b). 
However, in microglia, a significant increase in membrane 
expression of TNFR-1 and TNFR-2 was found using BMS- 
561392 in a concentration of 2.7 and 1.3mM, respectively 
(Figures 3c and d), together with a significant reduction in 
TNFR-2 expression in the presence of TAPI-1 (100^M) in 
comparison with the control condition (Figure 3d). TNF 
receptor-associated death domain (TRADD) is a specific 
mediator of TNFR-1 activation inducing recruitment of other 
adaptor proteins, such as TNF receptor associated factor 2 
(TRAF2) in a first step, 19 followed by receptor-interacting 
protein 1 (RIP1) and associated protein with death domain 
(FADD), 20 eventually leading to apoptosis. 21 Surprisingly, 
neither the ADAM17 inhibitor nor TAPI-1 significantly 
influenced TRADD expression on oligodendrocytes or 
microglia (Figure 3e and Figure 3g). Second, as the 
microglial cell line BV-2 does not express p75NTR, 22 we 
analyzed the expression of p75NTR in oligodendrocytes and 
astrocytes (data for astrocytes not shown). No significant 
changes were found in p75NTR expression (Figure 3f). We 
also analyzed the expression of pro-NGF and NGF in 
oligodendrocytes and microglia cells. As for p75NTR, no 
significant changes were detected in pro-NGF expression in 
oligodendrocytes (Figure 3h). However, a significant 
increase in pro-NGF expression was found in the presence 
of the low concentration of BMS-561392 (0.3 mM) in 
microglial cells (Figure 3i). The levels of NGF were below 
the detection limit under the experimental conditions used in 
this study. 

ADAM17 inhibition modulates p44 MAPK phosphoryla- 
tion in a concentration-dependent manner. MAPKs are 
serine/threonine protein kinases involved in diverse cellular 
signaling pathways in many different cell types. Among these, 
extracellular signal-regulated kinase (ERK) is one of the most 
important MAPKs regulating cell death and survival. 18,23 We 
therefore investigated the modulation of phosphorylation of 
ERK 1/2 or p44/42 MAPK by BMS-561392 and TAPI-1, in 
oligodendrocytes and microglia. In both cell types, levels of 
p42 MAPK phosphorylation were unchanged. On the contrary, 
levels of p44 MAPK phosphorylation were significantly 
decreased with the highest concentration of BMS-561392 
(2.7 mM) in oligodendrocytes (Figure 4a), whereas in 
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Figure 1 ADAM17 inhibition decreases viability of undifferentiated and differentiated oligodendrocytes, (a, c) Undifferentiated HOG and M03.13 cells were treated for 48 h 
with selected concentrations of rADAM17. Cell survival was measured using an MTT assay, (b, d) Undifferentiated HOG and M03. 13 cells were incubated for 48 h with the specific 
ADAM17 inhibitor BMS- 561 392 and the non-specific inhibitor TAPI-1 . Cell viability was significantly reduced after ADAM1 7 inhibition. The values are expressed as percentage of 
the control. The results are the mean of three independent experiments, (n= 12-17 wells per condition) (*P<0.05; **P<0.01; *"P<0.001). (e, f) M03.13 cells were 
differentiated using PMA for 72 h and treated for 48 h with rADAMI 7, BMS-561 392, or TAPI-1 . Cell viability was measured using the MTT assay. There was no significant effect 
after rADAMI 7 treatment, but a significant decrease in cell viability was observed after ADAM1 7 inhibition (BMS-561 392 (2.7 mM) and TAPI-1 (100 /M)). The results are the mean 
of three independent experiments and are represented as a percentage of the control condition (n= 12-18 wells per condition) (*P<0.05; **P<0.01; ***P< 0.001) 



microglial cells phosphorylation of p44 MAPK was significantly 
increased by the lower concentration of BMS-561 392 
(0.3 mM) and significantly diminished below detection by the 
high concentration of the inhibitor (2.7 mM) (Figure 4b). 



Recombinant ADAM17 transiently improves functional 
recovery during the acute phase after SCI in vivo while 
inhibition of ADAM17 impairs recovery. To investigate 
the role of ADAM17 in functional recovery after SCI in vivo, 
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Figure 2 ADAM17 has a concentration-dependent effect on the survival of cortical neurons, astrocytes, and microglia, (a) Cortical neurons were incubated with rADAM17 
(1 or 10 /iM) for 48 h in the presence of B-27. The lower concentration (1 /iM) significantly promotes cell survival while the higher concentration (10 /M) decreases survival, 
(b) Cortical neurons were treated with three selected concentrations of the ADAM17 inhibitor BMS-561392 and two concentrations of the non-specific inhibitor of ADAM17, 
TAPI-1. While BMS-561392 did not have an effect on survival, TAPI-1 concentration dependently increased (10 /;M) or decreased (100 ^tM) survival. The values are 
expressed as percentage of control with B-27 and represent three independent experiments (n =15-21 wells per condition) (*P< 0.05; **P< 0.01 ). (c) The astrocytic cell line, 
CCF, was treated for 48 h with rADAMI 7. Afterwards, cell survival was measured using an MTT assay. Viability was increased after treatment with 1 0 ^<M of rADAMI 7 (n = 1 5 
wells per condition) (**P<0.01). (d) CCF cells were treated for 48 h with BMS-561392 or TAPI-1. CCF cell survival was increased by BMS-561392 (2.7 mM) while TAPI-1 
(100 uM) decreased survival (n= 15 wells per condition) (*P<0.05; **P<0.01). (e) The microglial cell line BV-2 was treated for 48h with rADAM17. Cell survival was 
measured using an MTT assay. Microglial survival was significantly increased after rADAM17 treatment (n= 15 wells per condition) (1 and 10/(M; *P<0.05; **P<0.01). 
(f) Inhibition of ADAM17 by BMS-561392 for 48 h decreased BV-2 cell survival. The results are the mean of three independent experiments and are represented as a 
percentage of the control condition (n= 15 wells per condition) (*P<0.05; ***P< 0.001) 
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Figure 3 Blocking of ADAM17 using a specific inhibitor increases TNFR-1 and TNFR-2 expression on microglial membranes, (a, b). Membranes of undifferentiated HOG 
were treated for 3 h with TAPI-1 or BMS-561392, after which the cells were lysed and membrane fractions were collected. Electrophoretic analysis revealed no significant 
changes in TNFR-1 and TNFR-2 expression (n=6 control; n = 3-4 ADAM17 inhibitor BMS-561392). (c, d) Electrophoretic analysis of BV-2 cell membranes showed a 
significant increase of >50% in TNFR-1 expression in the cell membrane after 2.7 mM of BMS-561392 and in TNFR-2 expression using 1.3 mM of BMS-561392. TAPI-1 
significantly reduced TNFR-2 expression (n = 6 control; n = 3-4 ADAM17 inhibitor BMS-561392). Representative blots in Figure 3c show the control condition for the 2.7 mM 
of BMS-561 392, while in 3D the control condition for 1 .3 mM of BMS-561 392 is shown to facilitate readability, (e, g) TRADD expression was unchanged after treatment in both 
oligodendrocytes and microglia cells, (f) p75NTR expression was not affected in oligodendrocytes after ADAM17 inhibition, (h, i) Oligodendrocytes did not show differences in 
pro-NGF levels after inhibition of ADAM17 neither with the specific nor the non-specific inhibitor (mean of three experiments; n = 3 per condition), while low inhibition of 
ADAM1 7 (0.3 mM) significantly increased pro-NGF expression of cultured BV-2 cells (mean of four independent experiments; n = 4 per condition). Data are presented as a 
mean percentage of the control condition (set as 100%) (*P<0.05) 
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Figure 4 Inhibition of ADAM17 modulates phosphorylation of p44 MAPK. (a) Levels of p44 MAPK phosphorylation were decreased after ADAM 17 inhibition with medium 
and high concentrations of BMS-561 392, whereas p42 MAPK phosphorylation was not affected in immature HOG oligodendrocytes, (b) Microglial BV-2 cells were treated with 
different concentrations of BMS-561 392 and TAPI-1. MAPK p44 phosphorylation was significantly increased using 0.3 mM of the inhibitor, while higher concentrations 
decreased or even abolished p44 MAPK phosphorylation. MAPK p42 phosphorylation was not affected by BMS-561 392 or TAPI-1 treatment. The results are the mean of three 
independent experiments and are represented as a percentage of the control condition (n=3 per condition) 



we applied rADAM17 (0.3 mM) or vehicle solution locally 
immediately after injury by placing a soaked gelfoam on top 
of the lesion (Figure 5a). Under these conditions, rADAM17 
led to a slight but significant transient increase in the BMS 
score during the first 3 days after injury compared with the 
vehicle group (Figure 5b). Histological analysis of spinal cord 



cryosections from mice treated with rADAM17 16 days post- 
SCI did not show significant differences in lesion size 
compared with vehicle (control) mice (Figures 5c-e) or 
astrogliosis, as determined by GFAP intensity analysis 
(Figures 5f and g, 5g1 and 2). In addition, we assessed 
whether treatment with rADAM17 influences microglia/ 
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Figure 5 Local application of rADAM17 transiently improves functional outcome during the acute phase after SCI. (a) Immediately after injury (SCI) at day 0, a gelfoam 
soaked with 0.3 mM of rADAM17 or vehicle solution, was placed on top of the lesion site. The animals were scored during 15 days, (b) One single administration of rADAM17 
(0.3 mM) slightly but significantly improves the BMS score (i.e., locomotor recovery) in the acute phase after SCI (until 3 days after injury; n = 7-8 mice per condition) 
(*P<0.05). (c) rADAM17-treated mice did not show differences in lesion size compared with vehicle-treated mice, (d, e) Representative pictures of the lesion area in mice 
treated with vehicle solution or rADAM17. (f) There were no significant differences in astrogliosis analyzed 100/<m cranial or caudal to the lesion site between the two 
treatment groups, (g) Representative picture showing the quantified regions in a control mouse. G1-G2. Higher magnification of the areas indicated by white boxes in g 
showing GFAP immunoreactivity cranial and caudal to the lesion epicenter, (h) No significant differences were found in Iba1 expression rostro-caudal to the lesion epicenter 
between vehicle and rADAMI 7-treated mice, (i-j) Representative pictures showing perilesional Iba1 expression. Scale bars = 1 00 /<m for d, e, g, G1 , G2, i, and j (n = 3 mice 
per condition) 



macrophages activation/infiltration by Iba1 expression ana- 
lysis. Similarly, no significant differences were found 
between the two treatment groups (Figures 5h-j). 

To further investigate the role of ADAM17 after SCI, we 
treated mice with daily injections of the specific ADAM 17 
inhibitor BMS-561392 (2.2mM/day for 15 days) or PBS 
(control mice) for 15 days (Figure 6a). Mice treated with the 
inhibitor had a significantly reduced locomotion recovery 
compared with the control group, as assayed by the BMS 
score (Figure 6b). Histological analysis of spinal cord 
cryosections from mice treated with BMS-561392 16 days 



post-SCI showed a significant increased lesion size compared 
with PBS (control) mice (Figures 6c-e) and significantly 
increased astrogliosis caudal to the lesion site, as determined 
by GFAP intensity analysis (Figures 6f and g, 6g1 and 2). The 
area of demyelination (MBP immunoreactivity) and T-cell 
numbers showed no differences between both groups (data 
not shown). Furthermore, we investigated the influence of 
ADAM17 inhibition in microglia/macrophages activation/infil- 
tration. Mice treated with BMS-561392 displayed a signifi- 
cantly reduced expression of Iba1, especially close to the 
lesion center and caudally (Figures 6h-j). 
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Figure 6 Blocking of ADAM17 impairs locomotion recovery after SCI. (a) Scheme of the treatment approach used after SCI. From the day of injury (day 0) until day 15 post 
SCI, mice were daily injected subcutaneously (s.c.) with 2.2 mM of the ADAM17 inhibitor or vehicle solution, (b) Treatment with the specific ADAM17 inhibitor (2.2 mM) 
significantly reduces spontaneous recovery (n= 7-1 1 mice per condition; *P<0.05) as shown by a reduced BMS score, (c) Quantification of the lesion size after T-cut 
hemisection injury. ADAM1 7 inhibitor-treated mice showed an increase in lesion size after 1 5 days of treatment (*P< 0.05). (d, e) Representative pictures of the lesion area in 
mice treated with ADAM17 inhibitor or control mice; the asterisk indicates the delineated area, (f) Quantification of astrogliosis 100 /im cranial and caudal to the lesion 
epicenter. There was a significant increase in gliosis (i.e., GFAP immunoreactivity) caudal to the lesion site in mice treated with the ADAM17 inhibitor (*P<0.05). (g) 
Representative picture showing the quantified regions. G1-G2. Higher magnification of the areas indicated by white boxes in g showing GFAP immunoreactivity cranial and 
caudal to the lesion epicenter, (h) Quantification of Iba1 immunoreactivity from 500 /im cranial to 500 /im caudal to the lesion epicenter. A significant decrease in Iba1 
expression rostro-caudal to the lesion epicenter was found after ADAM17 inhibition (***P<0.001). (i, j) Representative pictures showing perilesional Iba1 expression. Scale 
bars = 100/im for d, e, g, G1, G2, i, and j (n=4-7 mice per condition) 



ADAM17 inhibition increases apoptosis of microglia/ 
macrophages in the spinal cord. ADAM17 is responsible 
for the cleavage of mTNF-a in the sTNF-a form. 1 However, in 
our model, ADAM17 inhibition did not significantly alter the 
ratio between mTNF-a and sTNF-o: (Supplementary Figures 
S3A and B). Inhibition of TNF-a after SCI leads to decreased 
apoptosis in the spinal cord. 24 Therefore, we investigated the 
expression of the anti-apoptotic marker B-cell lymphoma-2 
(Bcl-2) and the pro-apoptotic marker Bcl-2-associated X 
protein (Bax). Inhibition of ADAM17 resulted in a slight but 



non-significant decrease in levels of Bcl-2 (Supplementary 
Figures S3C and D) and a significant increase in Bax 
expression (Supplementary Figures S3E and F). 

On the basis of our in vitro results, we performed double 
labeling for activated caspase-3 and CC-1 (a marker for 
mature oligodendrocytes) to identify apoptotic oligodendro- 
cytes in vivo. The analysis showed a slight but non-significant 
increase in the number of apoptotic oligodendrocytes caudal 
to the lesion site (data not shown). In addition, we quantified 
apoptosis of genetically labeled oligodendrocytes in 
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transgenic proteolipid protein-enhanced cyan fluorescent 
protein (PLP-eCFP) mice. Similarly, no change in the number 
of activated caspase-3/PLP-double-positive cells was 
observed (Figures 7a and b). Using double-labeling for 
activated caspase-3 and CD11b to identify apoptotic phago- 
cytes in vivo, we found a significant increase in the number of 
apoptotic microglia/macrophages caudal to the lesion site 
(Figures 7c and d). Finally, we measured viability in 
primary oligodendrocyte cultures isolated from hypomorphic 
ADAM17 ex/ex mice, which showed over 95% reduced 
expression of ADAM17 in all tissues investigated. 25 As in 
our in vivo model, there was no difference in viability between 
wild-type and ADAM17-deficient oligodendrocytes (Figure 7e). 
In contrast, survival of ADAM17-deficient primary microglia 
was significantly reduced by nearly 40% compared with 
wild-type controls (Figure 7f). 

Discussion 

ADAM17 is involved in several cell signaling pathways, 
which are crucial for survival and apoptosis, including 
signaling via TNFR, p75NTR, and EGFR. In the present 



study, we have used the specific ADAM17 blocker BMS- 
561392 and ADAM17-deficient cell cultures to show that 
ADAM17 is a key survival factor for microglial cells in vitro 
and in vivo. 

ADAM17 is best known for the shedding of TNF-a and its 
receptors. 1,4 After SCI, inhibition of both TNF-a forms with 
etanercept leads to a decrease in Bax and an increase in Bcl-2 
expression and reduces apoptosis in the spinal cord. 24 The 
two forms of TNF-o: show distinct binding affinities for TNFR-1 
and TNFR-2. TNFR-1 has been primarily associated with 
apoptosis through the recruitment of TRADD, whereas TNFR- 
2 lacks a death domain and is associated with the anti- 
apoptotic effects of TNF-o:. 26 ' 27 There is increasing evidence 
that both TNF-o: forms may have complementary roles. For 
example, mTNF-ot has a higher affinity for TNFR-2 and may 
therefore have a more important role in the regulation of cell 
survival, 27 remyelination after experimental autoimmune 
encephalomyelitis, 13 and reduction of the inflammatory 
response in atherosclerosis, 28 whereas sTNF-a has a higher 
affinity for TNFR-1 and may be more important for apoptosis 
and inflammation. 29,30 Therefore, the rationale of the present 
study was to modify the ratio of mTNF-a and sTNF-a, using the 





□ ADAMir*"* n = 26 □ ADAM17"*", n = 28 

Figure 7 ADAM17 inhibition in vivo or deficiency in vitro increases microglial apoptosis. (a) Representative pictures of PLP/activated caspase-3 double staining. Scale 
bar = 20/im. The arrows indicate apoptotic oligodendrocytes, (b) Quantification of the number of apoptotic oligodendrocytes (PLP/activated caspase-3 double-positive) in 
PLP-eCFP transgenic mice in a squared area of 225 x 225 jim around the lesion site. There is a slight but non-significant increase in the number of apoptotic oligodendrocytes 
caudal to the lesion site (225 /tm; n=3-4 mice per condition), (c) Representative pictures of CD11b + /activated caspase-3 caudal to the lesion site. The arrows show 
apoptotic microglia in both groups. Scale bar = 20/im. (d) A significant increase in the number of apoptotic microglial (CD11b/activated caspase-3 double positive) cells 
caudal to the lesion site was found after inhibition of ADAM1 7 (n = 4 mice per condition; *P< 0.05). (e) Survival of primary immature oligodendrocyte cultures from ADAM1 7- 
deficient mice is not affected, (f) Primary microglial cultures from ADAM17-deficient mice have a reduced survival compared with microglial cultures from wild-type animals 
[n= 26-41 wells (primary oligodendrocytes), n = 27-28 wells (primary microglia)(*"P< 0.001) 
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specific ADAM 17 inhibitor BMS-561392, in order to improve 
functional recovery after SCI. 

It has been speculated previously that tissue inhibitor of 
metalloproteinases-3 (TIMP-3), which is the natural inhibitor 
of ADAM 17, may contribute to increased death of immature 
oligodendrocytes via ADAM17 in a cerebral ischemia 
model. 31 On the basis of these data, we expected that 
blocking ADAM17 would increase the levels of mTNF-a 
leading to a reduction of apoptotic oligodendrocytes. Surpris- 
ingly, in our SCI model, ADAM17 inhibition did not lead to 
differences in the levels of the two TNF-a forms in spinal cord 
homogenates. Our findings are supported by corresponding 
data in ADAM17-deficient leukocytes and leukocytes from 
gene-targeted mice expressing non-cleavable TNF-a. 32 ' 33 
The authors suggested that mTNF-a levels may be regulated 
by a feedback mechanism independent of shedding. 32 ' 33 A 
similar mechanism may explain our findings. Consistently, the 
number of activated caspase-3 + /CC-1 + oligodendrocytes 
and activated caspase-3 + /PLP + oligodendrocytes was not 
influenced by ADAM 17 inhibition in vivo, indicating that 
oligodendrocytes are less affected by the inhibitor in our 
in vivo model. Interestingly, survival of primary oligodendro- 
cytes cultures derived from ADAM17-deficient mice (ADA- 
M17 ex/ex ) was also unchanged. In contrast, in in vitro cultures 
of two different oligodendrocytic cell lines (HOG and M03.1 3), 
cell survival as measured using MTT assay was significantly 
reduced by ADAM17 inhibition. Meanwhile, the number of 
activated caspase-3-positive immature oligodendrocytes was 
not affected by ADAM17 inhibition, whereas blocking of 
ADAM17 significantly increased the number of activated 
caspase-3-positive mature oligodendrocytes in vitro. It is 
important to note that the MTT assay rather measures cell 
viability than cell death; thus, viability can be decreased 
without actual cell death as a final result, which might explain 
why MTT values are decreased in immature neurons while no 
changes in caspase-3 cell numbers were found in this 
population. Furthermore, susceptibility to cell death may be 
related to a different activation state of the cell or even the 
timelines for the progression of apoptosis might vary between 
different cell types or different cellular activation or maturation 
states. 34,35 For example, for cerebellar granule neurons, it 
was shown that effects on survival by certain cytokines (such 
as TNF-a) were dependent on the maturation state of these 
cells. 36 It is tempting to speculate that a similar mechanism 
occurs in immature versus mature oligodendrocytes. 

As ADAM 17 controls ectodomain shedding of various 
substrates, we studied selected factors of key pathways 
associated with both apoptosis and ADAM 17, namely NGF, 
p75NTR, TNF-a, and EGFR/MAPK signaling. 16 " 18 We found 
a concentration-dependent modulation of p44 MAPK phospho- 
rylation in microglia cultures. The low concentration of the 
inhibitor slightly increased p44 MAPK phosphorylation, 
whereas the high concentration reduced it below detection 
levels, indicating a non-linear effect of the inhibitor as 
sometimes also seen with other enzyme-inhibitors. The high 
concentration also reduced p44 MAPK phosphorylation in 
undifferentiated oligodendrocytes (HOG). ADAM17 and 
MAPK signaling appear to be closely linked. Among the 
MAPK signaling pathways, p44 MAPK and p38 signaling are 
necessary for ADAM17 activation/trafficking, 37,38 but at the 



same time ADAM1 7 controls EGFR and MAPK activation via 
the cleavage of EGFR ligands. 6 ADAM17 interacts with its 
natural inhibitor TIMP3, which is abolished after ADAM17 
phosphorylation by MAP kinases. 39 In our study, other 
signaling pathways associated with apoptosis, such as 
TNFRs, p75NTR, and pro-NGF signaling, were not affected 
by ADAM 17 inhibition in cultures of oligodendrocytes and 
microglia. To our knowledge, we show for the first time that 
ADAM17 inhibition leads to a concentration-dependent 
modulation of p44 MAPK phosphorylation in microglia and 
oligodendrocyte cultures. 

Another interesting finding was that ADAM17 inhibition 
significantly increased the number of apoptotic microglia/ 
macrophages in the injured spinal cord by approximately 40%, 
combined with a reduced histological and functional outcome 
after SCI. The inhibition of ADAM17 promoted astrogliosis 
and increased lesion size after SCI . This is consistent with our 
in vitro results, which showed that ADAM17 inhibition 
promotes survival of astrocytes (CCF). In line with the 
increased microglia apoptosis, we also found a significant 
reduction of Iba1 + microglia/macrophages after ADAM17 
inhibition. Microglial cells have a dual role after CNS injury, 
participating as phagocytes to remove tissue debris and dead 
cells, as well as exacerbating tissue damage through the 
release of pro-inflammatory factors. 40 After SCI, peripheral 
monocytes may contribute to recovery by infiltrating the injury 
site and producing IL-10. 41 As in our SCI model a reduced 
histological and clinical outcome after ADAM17 inhibition is 
combined with increased microglia apoptosis, it is tempting to 
speculate that a beneficial subtype of microglia cells is 
protected by ADAM 17. Consistently, it was demonstrated 
that ADAM17-mediated signaling promotes survival and anti- 
apoptotic pathways of colonic epithelial cells after injury by 
activation of the EGFR-MAPK-ERK axis. 25 Thus, these data 
indicate that ADAM1 7 signaling activates pro-inflammatory as 
well as anti-inflammatory pathways in a cell-type specific 
manner. 

Survival of primary neurons was not influenced by ADAM1 7 
inhibition but significantly supported by rADAM17. These 
findings may explain the slight but significant improvement in 
locomotor performance by rADAM17 in the very early phase 
after SCI (first 3 days). Unfortunately, no histological changes 
were found between the two groups. This minor effect on 
behavior might be explained by the half-life of ADAM 17 (over 
24h), 42 suggesting that rADAM17 treatment might need 
repeated local applications to have a sustained effect over 
time after SCI. Moreover, it has been previously shown that 
soluble rADAM17 is unable to cleave mTNF-a on endothelial 
cells; 43 therefore, our data suggest that rADAM17 may have 
additional functions such as the modulation of cell-adhesion 
molecules as suggested by its integrin domain. 44,45 Our 
in vitro data using cell cultures of oligodendrocytic cell lines 
(HOG and M03.13), astrocytes (CCF), and microglia (BV-2) 
indicated cell-type specific actions of ADAM 17 inhibition. 
Whereas only mature oligodendrocytes showed increased 
caspase-3 staining, blocking of ADAM 17 significantly 
increased the number of activated caspase-3 microglial cells. 
It is a known phenomenon that the same agent may induce 
apoptosis in one cell line but not in other cells, although the 
result of the treatment is the same (cell death). This might be 
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due to a divergent mechanism independent of caspase-3, a 
different activation state of the cell, different cell types, or 
different cellular activation states, 34,35 as already mentioned. 
For example, it has been shown after postnatal excitotoxicity 
in the brain that caspase-3 in glial cells (mainly astrocytes and 
oligodendrocytes) works via different spatial and temporal 
pathways than in neurons. 46 To make things even more 
complicated, there are studies showing distinct cell types from 
caspase-3-knockout mice that undergo cell death via an 
incomplete form of apoptosis. 47 Our in vivo data also show this 
divergence in cell-type specific cell death, the number of 
activated caspase-3 + /CC-1 + oligodendrocytes and acti- 
vated caspase-3 + /PLP + oligodendrocytes was not influ- 
enced by ADAM 17 inhibition, indicating that oligodendrocytes 
were less affected by the inhibitor in our in vivo model. 
Consistently, survival of primary oligodendrocytes cultures 
derived from ADAM17-deficient mice ADAM17 ex/ex was 
unchanged, whereas survival of primary microglia from these 
ADAM17 ex/ex mice was reduced by more than 40%. 

In summary, these findings support the concept that 
ADAM 17 has a key role in protecting potentially beneficial 
microglia and in supporting functional recovery after SCI. 

Materials and Methods 

ADAM17 inhibitor. The ADAM1 7 inhibitor, BMS-561392, was kindly provided 
by Bristol-Myers Squibb, Princeton, NJ, USA. The drug was prepared as described 
before. 9 In brief, the drug was reconstituted in freshly prepared PBS (pH 3.5). For 
the in vitro study, three concentrations were used: 0.3 mM, 1 .3 mM, and 2.7 mM. 
All the in vivo experiments were performed using 2.2 mM (210 ^g/day). 9 rADAM17 
(R&D Systems, Abingdon, UK) was diluted to a final concentration of 1 /M, 10 /iM 
(in vitro experiments), or 0.3 mM (in vivo experiments) in ultrapure water. 

In vitro experiments 

Cell lines: In this study, we used the following cell lines: the immortalized murine 
BV-2 cell line, 48 a human astrocytoma cell line (CCF), 49 and two undifferentiated 
oligodendrocyte cell lines, i.e., human oligodendroglioma (HOG) and human glial 
(oligodendrocyte) hybrid cell line (M03.13). 50 To increase readability, these cell 
lines were referred to as microglia, astrocytes, and oligodendrocytes in some parts 
of the text. 

Cell cytotoxicity assay. Primary cortical neuronal cells were prepared from 
embryonic day 15 (E15) C57BL/6 mice, and primary oligodendrocyte and microglia 
cultures were prepared from postnatal day 3 ADAM17 wild-type ( wt/wt ) and 
ADAM17-deficient (ADAM17 ex/ex ) mice. 25 BV-2, CCF, HOG, and M03.13 cell lines 
were used to study survival of microglia, astrocytes, and oligodendrocytes, 
respectively. All cells were seeded on poly-D-lysine-coated 96-wells at a density of 
5 x 10 4 cells/well. To study the effect of ADAM17 on survival, cells were grown 
under optimal conditions and treated with different concentrations of BMS-561392, 
TAPI-1, or rADAM17 to measure cell viability. A 3-(4,5-dimethylthiazol-2-yl)-2,5- 
diphenyl tetrazolium bromide (MTT) solution (1 mg/ml) was added for 4 h. The 
cells were lysed in a mixture of dimethyl sulfoxide (DMSO) and glycine (0.1 M), 
and the absorption was measured at 550 nm using a microplate reader (Bio-Rad, 
Nazareth, Belgium) (see Supplementary Materials and methods for details). 

Western blot analysis of primary cell lines: The above described cell lines 
were used to perform western blotting against different protein targets. In brief, 
when the cells reached 80-90% confluence, different concentrations of 
BMS-561392 or TAPI-1 were added to the cells for 3h. The cells were then 
washed with PBS and lysed on ice using Procarta lysis buffer. The lysed product was 
centrifuged for 30 min at 1 4 000 r.p.m. at 4 °C. The supernatant was aliquoted and 
stored at - 20 C until measurement. To determine membranous TNFR-1 and 
TNFR-2 expression, the Pierce cell surface protein isolation kit (Thermo Fisher 
Scientific, Erembodegem, Belgium) was used according to the manufacturer's 
instructions. Total protein levels were determined using the BCA Protein Assay Kit. 
Between 5 and 20 /jg of protein was electrophoretically separated and transferred 



to PVDF membranes. The primary antibodies were incubated for 1 h at room 
temperature (RT) or overnight at 4 r C (Supplementary Table S2). Afterwards, the 
membranes were washed with PBS and then incubated for 1 h at RT with the 
corresponding secondary antibody (Supplementary Table S2). The membranes 
were re-blotted using an antibody against /?-actin as a loading control. The signal 
was detected using the ECL plus western blotting detection (GE Healthcare, 
Diegem, Belgium). Densitometric analysis was performed using ImageJ (US 
National Institutes of Health; http://rsb.info.nih.gov/nih-image/). The results are 
expressed as a percentage of the control group (set as 100%). To minimize bias 
due to differences in densitometric measurements between experiments, each 
control condition per experiment was set at 100%, therefore lacking an error 
(S.E.M.) bar (Figures 3 and 4). 

In vivo experiments 

Animals: All experiments were performed using either 10-week-old C57BL/6 
mice (Harlan, The Netherlands), ADAM17 ex/ex and ADAM17 wVwt mice 
generated from ADAM17 wt/ex mice (kindly provided by Dr. S Rose-John, 
Christian Albrechts University, Kiel, Germany), 25 or transgenic PLP-eCFP 
mice 51 (kindly provided by Dr. F Kirchhoff, University of Saarland, Germany). 
Mice were housed in a conventional animal facility at Hasselt University under 
standardized conditions (i.e., temperature-controlled room (20±3'C), a 12 h 
light-dark cycle, food and water ad libitum); all evaluations were performed by 
blinded investigators. All experiments were approved by the local ethical 
committee of Hasselt University and were performed according to the guidelines 
described in Directive 2010/63/EU on the protection of animals used for 
scientific purposes. 

Spinal cord injury T-cut hemisection injury. The T-cut hemisection injury 
was performed as described previously. 52,53 In brief, mice were randomized, 
anesthetized, and underwent a partial laminectomy at thoracic level T8. The 
mice were subjected to a bilateral dorsal T-cut hemisection using iridectomy 
scissors to transect the left and right dorsal funiculus, the dorsal horns, and the 
ventral funiculus. This injury procedure leads to a complete transection of the 
dorsomedial and ventral corticospinal tract and induces impairment of several 
other descending and ascending tracts. The muscles were sutured and the back 
skin closed with wound clips. After surgery, the mice were placed in a recovery 
chamber until they were well awake and could be returned to their home cage. 
The animals' bladders were manually voided daily until the mice were capable to 
urinate independently. 

Experimental groups: The treatment protocols are summarized in the Figures 
5a and 6a. To investigate the effect of rADAM17, the lesion site was covered with 
a piece of gelfoam soaked with 0.3 mM of rADAM17 or vehicle solution (ultrapure 
water) as control (Figure 5a). In a second approach, to investigate the effect of 
ADAM17 inhibition, mice were distributed over two groups; one group of mice was 
subcutaneously injected daily for 15 days with PBS pH 3.5 and the other group 
with BMS-561392 (2.2mM/day) (Figure 6a). 

Locomotion tests: Animals were scored daily for functional recovery after SCI 
using the Basso mouse scale (BMS) 54 starting one day after injury. The BMS is a 
10-point scale (9 = normal locomotion; 0 = complete hind limb paralysis) that is 
based on hind limb movements made in an open field. The analysis was done 
using the mean of the left and right hind limb scores for each animal. 

Immunofluorescence analysis of the spinal cord Animals were 
transcardially perfused 16 days after surgery with Ringer's solution only, for 
animals treated with rADAM17, or Ringer's solution followed by 4% paraformal- 
dehyde (PFA), for mice treated with the ADAM17 inhibitor BMS-561392. Spinal 
cords were isolated and used to prepare cryosections (10 /jm thickness) for 
measurement of lesion size and astrogliosis (glial fibrillary acidic protein (GFAP) 
immunoreactivity), inflammatory infiltrate (number of CD4-positive T cells; Iba1 
immunoreactivity for microglia/macrophages), and demyelination (myelin basic 
protein (MBP) immunoreactivity) as described before. 53 Cryosections of mice 
treated with rADAM17 (or vehicle) were post-fixed using 100% acetone for 
measurement of lesion size and astrogliosis or with 100% methanol for infiltration 
of microglia/macrophages. Images were obtained with a Zeiss LSM510 meta 
confocal microscope or with a Nikon 80i Eclipse fluorescence microscope (see 
Supplementary Materials and methods for details). 
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Western blotting of spinal cord tissue: Animals were transcardially 
perfused with Ringer's solution 16 days post surgery. Spinal cord tissue was 
dissected out (from 0.5 cm cranial to 0.5 cm caudal from the lesion site) and 
homogenized using Procarta lysis buffer (Panomics, Vignate-Milano, Italy). 
Homogenized tissue was centrifuged at 10000r.p.m. for 10min at 4°C. The 
supernatants were collected and stored at - 80 C until further use. Total protein 
levels were determined using the BCA Protein Assay Kit (Thermo Fisher Scientific, 
Erembodegem, Belgium) according to the manufacturer's instructions. A total 
amount of 75 ,ug (for measurement of Bax and Bcl-2 levels) or 40 /ig of total 
protein (to measure TNF-a expression) were separated electrophoretically and 
transferred to PVDF membranes. The membranes were blocked with 5% nonfat 
dry milk in PBS-Tween 0.05% for 1 h. Primary antibodies were incubated overnight 
(4 °C) or for 1 h at RT (Supplementary Table S2). The membranes were washed in 
PBS-Tween 0.05% and incubated with the secondary antibody for 1 h at RT 
(Supplementary Table S2). The membranes were further analyzed as described 
above. 

Statistical analysis. Statistical analyses were performed with Prism 5.0 
(GraphPad Software, La Jolla, CA, USA) and PASW statistics 18 (SPSS; IBM, 
Brussel, Belgium) software. Behavioral data (BMS) were analyzed using a two- 
way ANOVA as previously described. 54 Immunohistochemical and western blotting 
analyses were performed using a Mann-Whitney U-test for comparison between 
two groups. For semi-quantitative protein detection (western blotting) and cell 
cytotoxicity assay with more than two groups, values were compared using one- 
way ANOVA followed by Bonferroni posf hoc test. All data are given as 
mean±S.E.M. 
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